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Abstract: Tungstophosphoric Acid (HPW) has been investigated using different 

spectroscopic and chemical techniques. Bulk sensitive techniques such as x-ray 

diffraction (XRD) and infrared (IR) spectroscopy indicate that the acid is stable at 

temperatures as high as 300 ºC or higher. However, our work suggests that HPW starts 

loosing stability at temperature as low as 200 ºC. For instance, P 2p peak was not 

detected in the XPS spectrum of HPW preheated at 100 ºC, but was clearly observed after 

preheating the acid at 200ºC and 400 ºC. This suggests the destruction of the molecules of 

the surface leading to the enrichment of surface with phosphorous. These results may 

explain why HPW deactivates very fast, e.g. 8 min at 200 ºC, in hexane cracking 

experiments. This could limit the use of HPW in surface reactions that even require 

moderate temperatures. 

Detailed infrared spectroscopic investigation of the HPW as a function of temperature 

showed a gradual increase in absorbance of the W-O-W corner shared vibration relative 

to the absorbance of the other bands.  This indicates that the symmetry, and hence the 

stability, of the molecule was decreased upon heating. 



Introduction 

The utility of heteropoly acids (HPA) as catalysts has stimulated considerable interest in 

these compounds.1-17 The Tungstophosphoric acid (H3PW12O40), is reported to be among 

the strongest acids in the series of heteropoly acids.1,5-6,16 Some studies showed that HPW 

has super acid characteristics.5-6,16 The Keggin structure of HPW as shown in the 

literature is composed of a central PO4 tetrahedron surrounded by 12 WO6 octahedra 

arranged in four groups of three-edge-sharing, W3O13 octahedra1-2,4. There are four types 

of oxygen sites; internal, edge-sharing, corner-sharing, and terminal. 

When a heteropoly acid is used as a heterogeneous catalyst, the nature of the reactants 

often determines whether the reaction takes place on the surface or in the bulk of the 

heteropoly acid where they are activated and form the desired products. For example, the 

dehydration of propanol, a polar molecule, is believed to take place in the bulk of the 

HPW acid. However, alkylation of aromatics, non-polar molecules, takes place on the 

surface of the catalyst. 

Stability of the HPW is very important for its chemical activity, especially for high 

temperature reactions. Although it is reported that HPW is a stable molecule up to 

600ºC,1 other studies considered that the major drawback of HPA, in general, is its 

thermal stability.9 In a previous work, we have found that preheating HPW at 350 ºC 

deactivates it towards hexane cracking; the conversion was less than 1%, at 300 ºC, 

compared to 28.5% without preheating.18 Similar results were obtained by Oulmekki and 

Lefebvre.12-13 However, in hexane cracking experiment the HPW deactivated nearly 

completely after 20 minutes time on stream. Such fast deactivation prevents utilizing the 

catalyst in high temperature reactions. There was no explanation for such fast 
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deactivation. It was also shown that at temperatures higher than 400 ºC, the HPW is 

present as anhydrous phase12 or could be in oxides form.9 Any catalytic activity at higher 

temperature, e.g. 400 ºC, could be attributed to the formation of unique types of oxides 

rather than to the presence of intact Keggin units.9 

Some chemical methods, e.g. slurry calorimetry15 and hexane cracking,12-14,18 were used 

to study the solid acidity of HPW. Calorimetric studies gave same heat of protonation 

upon heat treatments of HPW at 162 and 200 ºC.5,15 However, slurry calorimetry is not 

only surface-sensitive technique, but also bulk-sensitive one.15 Therefore, these results 

cannot explain the behavior of the reactions that only occur atn the surface. Techniques 

that are more sensitive to the surface are needed for better understanding of the reactions 

that occur at the surface of HPW. 

There is no study using X-ray Photoelectron Spectroscopy (XPS) or X-ray Absorption 

Near Edge Structure (XANES) reported in the literature, to the best of our knowledge. In 

this work we report for the first time the use of XPS and XANES techniques as tools to 

study the surface of HPW preheated at different temperatures. The results are compared 

to the results of hexane cracking reactions, IR spectroscopy and powder X-ray diffraction 

(XRD) techniques. 
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Experimental 

Polycrystalline tungstophosphoric acid (H3PW12O40 .25H2O) was obtained from Aldrich. 

Samples were preheated for 1 hour at a given temperature just before XPS, XANES, 

XRD, and IR spectroscopy analyses. 

XPS 

High resolution XPS spectra of the HPW samples were obtained using the Advanced 

Light Source at Lawrence Berkeley National Laboratory on beamline 9.3.2.19 The photon 

energy used was 650 eV and the base pressure in the analysis chamber was maintained at 

10-10 torr. The kinetic energy of the photoelectrons was analyzed by a Scienta-

hemispherical energy analyzer with an energy resolution better than 0.2 eV.  

Conventional laboratory XPS spectra of the samples were also obtained, in order to 

clarify some questions raised during the data analysis, using non-monochromatic Al Kα 

photons (1486.6 eV) at 130 W as the incident beam. The binding energy of adventitious 

carbon 1s core level, which is 284.6 eV,20 was used to correct for the energy shift due to 

surface charging. 

XANES 

X-ray absorption near edge structure (XANES) measurements were also performed using 

the Advanced Light Source at Lawrence Berkeley National Laboratory on beamline 

9.3.2. High-resolution XANES spectra were taken in the O K absorption edge region, 

while the monochromator was set at a resolving power (E/∆E) of ≥ 7000. The photon flux 

at the sample was about 1010 photons/s. The base pressure in the experimental chamber 

was about 10-10 torr. Since the size of the synchrotron radiation photon beam at the 

sample was ≤ 1 mm, it was not difficult to align the system to make sure that only the 
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sample was illuminated by the photon beam. XANES measurements were performed in 

partial electron yield mode. I0 signal from a freshly evaporated gold grid was used to 

normalize the spectra. 

Hexane Cracking Test 

n-Hexane cracking was carried out in a fixed bed reactor using 0.30 g of fresh HPW 

(H3PW12O40 .25H2O). Saturated nitrogen-hexane mixture is introduced at atmospheric 

pressure and flow rate of 3ml/min using a bubbler at 0 ºC. Under these conditions the 

partial pressure of n-hexane is 45mmHg. The reactor effluent was analyzed using gas 

chromatograph. More details about hexane cracking analysis could be found elsewhere.18 

XRD 

X-ray powder diffraction measurements were carried out on a Siemen instrument. Each 

sample was ground in an agar pestle and mortar. The fine powder was packed into a 

sample holder having a diameter of 25 mm and depth of 3 mm. The surface of the packed 

sample was smoothed with a piece of flat glass. The diffraction pattern was recorded 

from 2θ = 4º to 50º. More details could be found elsewhere.18 

IR Spectroscopy 

KBr pellet technique was used to record the IR spectra. The IR spectra were taken 

immediately after the preheat treatment of the samples. 

Results and Discussion 

Figure 1 shows high resolution XPS spectra of P 2p region in HPW preheated at different 

temperatures. The phosphorous was not detected in the 100 ºC sample. However, it was 

detected in the 200 and 400 ºC samples. Note that the P 2p peak in a well crystallized 

structure consists of a doublet with 0.84 eV separation due to the spin-orbit splitting. 

 5 



Although the energy resolution in our case was better than 0.2 eV, only a single broad 

phosphorous peak was detected in 200 and 400 ºC samples. Furthermore, the FWHM of 

the observed peak increases from 2.4 eV at 200 ºC to 3.8 eV at 400 ºC. These 

observations suggest deterioration of surface crystallinity as a result of the destruction of 

the Keggin structure of the HPW molecule and enrichment of surface with phosphorous. 

Figure 2 shows high resolution XPS spectra of W 4f region in 100, 200, and 400 ºC 

samples. Notice the presence of two shoulders besides the main doublet in the 100 ºC 

sample. This spectrum was fitted with three different doublets of W 4f with 4f7/2 located 

at 34.3, 35.8, 37.3 eV. The major contribution is from the 2nd peak. The spectra of 200 

and 400 ºC samples show only one form of W having 4f7/2 binding energy at 35.8 eV. 

Therefore, we conclude that the 1st and the 3rd peaks are related to the presence of water 

on the sample surface. 

Figure 3 shows high resolution XPS spectra of O 1s region in 100, 200, and 400 ºC 

samples. This also exhibits three peaks in the 100 ºC sample. The peak A at 531.2 eV is 

assigned to W-O-W, and to carbonates.20 The peak B at 532.6 eV is assigned to W-O-P 

and W-O-H. The broad peak C at 535.7 eV is assigned to water species on the sample 

surface. Recent high-pressure XPS studies on water shows that the binding energy of O 

1s in water precipitates is about 535.5 eV.21-22 The peak C at 535.7 eV disappeared in the 

200 and 400 ºC samples, in agreement with our assignment. 

In order to verify that some of the features observed above are related only to the sample 

surface, we repeated some of the experiments using laboratory XPS. This is due to the 

fact that at higher photon energy and thus higher kinetic energy of photoelectrons, the 
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inelastic mean free path of the photoelectrons is larger. This allows one to probe 

relatively deeper in the sample with higher photon energy. 

The laboratory XPS data showed only one form of W with 4f7/2 binding energy at 35.9 ± 

0.3 eV for all three samples. This confirms our earlier conclusion, based on the 

synchrotron XPS results, that the 1st and the 3rd peaks in W 4f region of 100 0C sample 

are related to the water species on the surface. As the sample is heated to 200 and 400 0C, 

the water is removed from the surface.  The laboratory XPS data also showed only two O 

1s peaks A and B at 531.2 ± 0.3 eV and 532.6 ± 0.3 eV, respectively for all three 

samples. This again confirms our assignment of the broad peak C at 535.7 eV in O 1s 

region of 100 0C sample, seen in the synchrotron XPS spectra, to water species on the 

sample surface. 

Figure 4 shows XANES data of 100, 200, and 400 ºC samples of HPW at the O K-edge. 

It shows three pre peaks labeled A, B, and C at about 530.5 eV, 531.5 eV, and 535.0 eV, 

respectively for the 100 0C sample. These peaks are assigned to different O sites in the 

Keggin structure of HPW, namely W-O-W, W-O-P, and water species on the sample 

surface, respectively. It is suggested that the intensity of Peak A in HxWO3 compound is a 

measure of W-O covalency strength; the higher the intensity the higher the covalency.23 

Notice, in Figure 4, that the peak A intensity in HPW decreases as the preheating 

temperature increases. This means that the covalency strength of W-O bonds in HPW 

becomes weaker as the temperature increases. In other words, the Keggin structure of the 

HPW molecule has been changed upon heating at 200 and 4000C. This supports the 

conclusion derived from our XPS results that HPW becomes unstable at temperatures as 

low as 200 0C. While the peak position of B does not change significantly, Peaks A and C 
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shifts to lower energy values by about 0.5 eV for the samples preheated at 200 and 400 

0C. This may indicate more oxidation of W at higher temperatures. Also the intensity of 

Peak C decreases as the sample is heated at higher temperatures, suggesting that this peak 

is related to water species on the sample surface. These observations are consistent with 

the XPS results. 

The XRD spectra of the heated HPW at different temperatures are shown in Figure 5. As 

could be seen, the crystallinity of HPW is maintained even at 400 ºC. However, there is a 

considerable broadening upon heating at 400 ºC indicating a reduction of the crystallinity 

of the acid in the bulk. In contrast to the XPS results, XRD suggests that the crystallinity 

is maintained even upon heating at 400 ºC. This is due to the fact that XRD is not a 

surface sensitive technique. 

The Infrared spectra of the fresh and the heated HPW are shown in Figure 6. As in the 

case of XRD, the IR features of the acid did not change upon heating indicating the 

stability of the bulk even at 400 ºC from IR point of view. However, detailed 

investigation of the HPW bands as a function of temperature shows a gradual increase in 

the absorbance of the W-O-W corner shared vibration relative to the absorbance of the 

other bands.  Table 1 shows the maximum % difference among the ratios of the fresh and 

the heated HPW is 25% for A892/A800, 2% for A984/A800, and 6% for A1082/A984 bands. 

These results reveal that the relative proportion of corner-shared bonds increased as a 

result of the destruction of the acid upon heating. 

n-Hexane (C6H14) cracking is a very useful technique for studying the surface acidity of 

solid catalysts. n-hexane, a non-polar molecule, is expected to occur on the surface of the 

HPW acid. The catalyst has no chemical activity in hexane cracking at 100 ºC. On the 
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other hand, it is active at 200 ºC, but dies completely (conversion < 0.01%) after 20 

minutes. As could be seen in Figure 7, the catalyst lost most of its activity after 8 minutes 

of the reaction. At 400 ºC, the reactivity of the catalyst almost equals to zero; the surface 

is no more acidic enough to crack n-hexane indicating the destruction of the surface. 

Some studies used 31P NMR or IR spectroscopy to study the stability of the pure and 

supported HPW.8,6,12-14,17 Based on the above discussion, we believe that bulk techniques 

should be used carefully to explain  the behavior of HPW. 

Conclusions 

High resolution XPS and XANES results show the deterioration of surface crystallinity at 

temperatures as low as 200 ºC due to the destruction of the Keggin structure of the HPW 

molecule. In addition, enrichment of HPW surface with phosphorous was observed upon 

heating. As a result, the chemical stability and activity of the acid molecules is decreased, 

which limits their use in high temperature surface reactions. Indeed, the catalyst died very 

fast at 200ºC and was almost inactive at 400 ºC in hexane cracking. 
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Table 1. The ratio of some IR absorbance bands of fresh and heated HPW. 
  A892

a/A800
b A892/A984

c A984/A800 A1082
d/A984 

Fresh HPW 0.64 0.70 0.92 0.79 
HPW heated at 300 oC* 0.72 0.79 0.91 0.80 
HPW heated at 350 oC* 0.80 0.85 0.94 0.84 
Maximum % difference** 25% 21% 2% 6% 

 

 

a: corner shared bridged bond W-O-W, b: edge shared bridged bond W-O-W 
c: Terminal W-O, d: P-O bond 
*heated for 1 hour. 
** [{maximum value – minimum value}/ minimum value] x 100 
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Figure caption 
 

Figure 1.  High resolution  XPS spectra of P 2p region in HPW preheated at different 
temperatures 

Figure 2.  High resolution XPS spectra of W 4f region in HPW preheated at different 
temperatures 

Figure 3  High resolution XPS spectra of O 1s region in HPW preheated at different 
temperatures  

Figure 4.   XANES at the O K-edge of HPW preheated at different temperatures. 

Figure 5.  XRD spectra of the preheated HPW at 100 and 400 ºC. 

Figure 6.  Infrared spectra of a: parent HPW, b: Heated HPW at 300 oC for 1 hr., and c: 
heated HPW at 350 oC for 1hr. 

Figure 7.  Conversion of hexane over HPW at 200 and 400 ºC. 
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Figure 1.  High resolution  XPS spectra of P 2p region in HPW preheated at different 
temperatures 

 
 
 
 
 
 
 

 14 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ar
bi

tra
ry

 u
ni

ts

42403836343230

35.8

37.9

 400 
o
C

 200 
o
C

 100 
o
C

Binding Energy (eV) 

 
 
 
 
 

Figure 2.  High resolution XPS spectra of W 4f region in HPW preheated at different 
temperatures 
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Figure 3 High resolution XPS spectra of O 1s region in HPW preheated at different 
temperatures 
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Figure 4.  XANES at the O K-edge of HPW preheated at different temperatures. 
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Figure 5. XRD spectra of the preheated HPW at 100 and 400 ºC. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 18 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

cm
-1

cm
-1

cm
-1

a

b

5001000150020002500300035004000

79
8.

0;
 0

.9
2A

89
2.

0;
 0

.7
4A98

4.
0;

 0
.8

7A
10

82
.0

; 0
.7

3A

c

5001000150020002500300035004000 5001000150020002500300035004000

80
0.

0;
 1

.6
2A

89
2.

0;
 1

.1
6A

98
4.

0;
 1

.4
8A

10
80

.0
; 1

.1
8A

10
80

.0
; 1

.0
4A 98

4.
0;

 1
.3

2A
89

2.
0;

 0
.9

1A
80

0.
0,

 1
.4

3A

ba

cm-1cm-1

 
 
 

 
Figure 6. Infrared spectra of a: parent HPW, b: Heated HPW at 300 oC for 1 hr., and c: 

heated HPW at 350 oC for 1hr. 
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Figure 7. Conversion of hexane over HPW at 200 and 400 ºC. 
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